Persistent pulmonary hypertension of the newborn (PPHN) is a clinical syndrome characterized by elevated pulmonary vascular resistance (PVR) after birth, which causes extrapulmonary right-to-left shunting across the foramen ovale and ductus arteriosus (DA), leading to severe hypoxemia (1) . Although PPHN is associated with diverse cardiopulmonary disorders, mechanisms contributing to high PVR include elevated pulmonary vascular tone, hypertensive remodeling of the vessel wall, and in severe cases, decreased vascular growth due to impaired angiogenesis (2) .
Laboratory studies of experimental models of PPHN suggest that endothelial cell dysfunction, including decreased production of vasodilators, such as nitric oxide (NO), and increased release of vasoconstrictors, such as endothelin (ET)-1, contributes significantly to the pathophysiology of high PVR (3-9, 17, 18) . Although treatment with inhaled NO is effective in improving outcomes of many newborns with PPHN, some infants fail to respond to inhaled NO, and require extracorporeal membrane oxygenation (ECMO) therapy with increased morbidity and mortality (10) (11) (12) (13) . PPHN associated with poor responsiveness to inhaled NO is often seen in the setting of impaired vascular growth, as seen in patients with lung hypoplasia, such as congenital diaphragmatic hernia and primary lung hypoplasia (12) . In the setting of lung hypoplasia, decreased arterial number plays a prominent role in maintaining high PVR that is refractory to therapy. Due to the lack of developmentally relevant in vivo and in vitro models, mechanisms responsible for endothelial cell dysfunction and impaired angiogenesis in severe PPHN remain poorly understood.
Past studies using partial ligation of the DA in utero in lategestation fetal sheep provide a useful animal model for studying the pathogenesis and treatment of PPHN (3, (14) (15) (16) . In this model, partial ligation of the DA increases pulmonary artery pressure without causing sustained elevations of pulmonary blood flow or hypoxemia (3) . After chronic intrauterine DA constriction, PVR remains elevated at birth with elevated pulmonary artery pressure and reduced pulmonary blood flow, despite ventilation with high levels of supplemental oxygen (3) . Endothelial cell dysfunction, as defined by altered production of vasoactive mediators, contributes to elevated vascular tone in PPHN, but may also decrease lung vascular growth. Recent studies in this model have demonstrated that chronic intrauterine pulmonary
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
In severe neonatal pulmonary hypertension, lung vascular growth is impaired. Mechanisms that regulate vascular growth during normal lung development and impair angiogenesis in severe neonatal persistent pulmonary hypertension (PPHN) are poorly understood.
What This Study Adds to the Field
Impaired VEGF-NO signaling within the endothelial cell itself appears to contribute to abnormal vascular growth in PPHN.
hypertension impairs lung angiogenesis and causes lung hypoplasia (19) . Mechanisms through which fetal pulmonary hypertension inhibits lung vascular growth are uncertain, but they may be related to decreased production of proangiogenic growth factors, such as vascular endothelial growth factor (VEGF), or altered responsiveness to mitogenic stimuli (20, 21, 38) .
We recently reported that impaired alveolarization and vessel growth in chronic intrauterine pulmonary hypertension is associated with decreased VEGF protein expression (19) and that VEGF treatment improved hemodynamics and lung vascular growth (20) . PPHN in vivo is further characterized by decreased endothelial NO synthase (eNOS) protein content and impaired NO production (5, 6) . Decreased NO production has been implicated in contributing to elevated vascular tone as well as hypertensive remodeling in PPHN (6, 35) . Alterations in proangiogenic growth factors may be responsible for impaired angiogenesis in PPHN; however, the mechanisms by which hemodynamic stress (hypertension) impairs endothelial cell function and angiogenesis in the developing lung remain unknown.
Therefore, we hypothesized that chronic intrauterine pulmonary hypertension directly alters endothelial cell phenotype, impairing VEGF-NO signaling within the endothelial cell, and decreasing the ability of the developing endothelium to proliferate and form new vessels.
METHODS

Isolation and Culture of Fetal Ovine Pulmonary Arterial Endothelial Cells
All procedures and protocols were reviewed and approved by the Animal Care and Use Committee at the University of Colorado Health Sciences Center (Denver, CO). The left and right pulmonary arteries were isolated from late-gestation normal fetal sheep (mixed-breed Columbia-Rambouillet pregnant ewes at 135 d gestation (n 5 4), term 5 147 d) and from fetal sheep that had undergone partial ligation of the DA in utero 7 to 10 days before being killed (PPHN) (n 5 4), as previously described (3) . Proximal pulmonary artery endothelial cells (PAECs) were isolated as previously described (7) and endothelial cell phenotype confirmed by positive immunostaining for standard endothelial cell markers. Cells from passage 4 and 5 were used for each of the study experiments, and cells from each animal were kept separate throughout all passages and for all experiments.
Cell Growth
Fetal PAECs from normal and PPHN lambs were plated at 2 3 10 5 cells/ well and allowed to adhere overnight. Cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum under 3% oxygen conditions. Daily cell counts were performed for 5 days using a Beckman Coulter cell counter (Beckman Coulter, Inc., Fullerton, CA), after removing cells from wells by 0.25% trypsin/ 0.53 mM ethylenediaminetetraacetic acid digestion.
The effects of VEGF (50 ng/ml), S-nitroso-N-acetylpenicillamine (SNAP; 1 mM; NO donor) (Calbiochem, San Diego, CA), NO gas (10 ppm), SU5416 (a VEGF receptor inhibitor, 10 mM), nitro-L-arginine (LNA; an NOS inhibitor; 4 mM), and combinations of these agents on cell growth and tube formation were compared between PAECs from normal and PPHN fetal sheep. Doses for each agent were based on preliminary experiments (VEGF, NO gas, SNAP, and LNA) and previously published data (SU5416) (31) . For each agent, the lowest dose of agent for which a given effect was seen was used. NO gas was used for the growth studies because preliminary experiments revealed NO gas at 10 ppm to be more effective than SNAP at stimulating cell growth in PPHN PAECs. SNAP, at various doses (1 mM, 5 mM, 10 mM) with single treatment or with repeated administrations every 24 hours, was less effective than NO gas at stimulating PAEC growth in PPHN cells (data no shown). SNAP (1 mm) was used for the tube formation studies because NO gas was less effective at enhancing tube formation than SNAP when continuously administered at 10 ppm (data not shown). Growth studies with treatment were performed in DMEM supplemented with 5% serum, because this was the lowest serum concentration that supported fetal PAEC proliferation.
Tube Formation Assay
The ability of fetal PAECs to form vascular structures in vitro was assayed by plating PAECs on EHS Matrigel (BD Pharmingen, San Jose, CA). PAECs from normal and PPHN animals were seeded at a density of 5 3 10 4 cells/well in serum-free DMEM supplemented with and without VEGF (50 ng/ml), SNAP (1 mm), LNA (4 mM), SU5416 (10 mm), and SU5416 (10 mm) with SNAP (1 mm) in combination. PAECs were incubated for 6 hours under 3% oxygen conditions. Branch-point counting was performed in blinded fashion under 310 magnification from each of four wells, as previously described (23) .
Western Blot Analysis
PAECs from normal and PPHN animals were grown on 150-mm cloning dishes in DMEM supplemented with 10% serum. At 90% confluence, cell lysates were collected as previously described (22) . Protein content was determined by the BCA assay (catalog no. 23225; Pierce Biotechnology, Inc., Rockford, IL), using bovine serum albumin as the standard. A 20-mg protein sample per lane was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins from the gel were transferred to nitrocellulose membrane. VEGF (catalog no. SC152; Santa Cruz Biotech, Santa Cruz, CA), VEGF receptor 2 (VEGF-R2) (catalog no. SC504; Santa Cruz Biotech), eNOS (catalog no. BD610297) (eNOS/NOS III), and b-actin (catalog no. A5316; Sigma, St. Louis, MO) were detected as previously described (46, 47) using appropriate controls and molecular weight as identified by the manufacturer for the protein of interest. Densitometry was performed using NIH Image (version 1.61; National Institutes of Health, Bethesda, MD). Changes in protein expression were analyzed after normalizing for b-actin expression.
NO Assay
NO production by normal and PPHN PAECs was determined using the DAF-FM Nitric Oxide indicator (no. D-23844; Molecular Probes, Eugene, OR). NO was measured by fluorescence after a 1-hour VEGF (50 ng/ml) exposure, as previously described (36, 37) .
Proliferation/apoptosis was assessed in normal and PPHN PAECs. Normal and PPHN PAECs were plated on chamber slides and immunostaining performed for Ki67 (1:250, SC15402; Santa Cruz Biotech) and active caspase-3 (1:250, AB2362; Chemicon, Temecula, CA). Comparison was made between normal and PPHN PAECs.
Statistical Analysis
Data are presented as means 6 SEM, with data from all four animals in the normal and PPHN groups combined for analysis. Statistical analysis was performed with the Prism 4 software package (GraphPad Software, San Diego, CA). Statistical comparisons were made using analysis of variance for growth and tube formation assays with Bonferroni post test analysis. An unpaired t test was used for Western blot analysis. P values less than 0.05 were considered significant.
RESULTS
Decreased Growth and Tube Formation in Fetal PAECs from PPHN Lambs
In comparison with control animals, PAEC numbers from PPHN lambs were decreased by 28% (P , 0.05) and 35% (P , 0.001) on Days 3 and 5, respectively ( Figure 1 ). The ability of PAECs to spontaneously form vascular networks was also decreased in PPHN cells (Figure 2 ). In comparison with normal fetal PAECs, the number of branch points was decreased by 24% (P , 0.001) in PAECs harvested from PPHN lambs (Figure 2 ).
Decreased eNOS and VEGF Protein Expression in Fetal PAECs from PPHN Lambs
Western blot analysis of PAEC cell lysates from normal and PPHN lambs demonstrated decreased eNOS and VEGF protein. In comparison with controls, eNOS protein expression was decreased by 38% in PPHN PAECs (P , 0.01) ( Figure 3A ) and VEGF protein expression by 48% in PPHN PAECs (P , 0.05) ( Figure 3B ). VEGF-R2 expression was not different between normal and PPHN PAECs ( Figure 3C ).
Effect of VEGF and SU5416 on Endothelial Cell Growth
VEGF treatment increased growth in PAECs harvested from both normal and PPHN lambs. VEGF treatment of normal PAECs increased cell number by 21% (P , 0.05). VEGF treatment of PPHN PAECs increased cell number by 33% (P , 0.01), achieving values similar to that measured in the normal PAECs ( Figure  4A ). Treatment with the VEGF receptor blocker SU5416 decreased cell number by 32% (P , 0.001) in normal and 25% (P , 0.05) in the PPHN PAECs ( Figure 4B ).
Effect of NO Gas and LNA on Endothelial Cell Growth NO gas (10 ppm) treatment increased endothelial PAEC number by 17% (P , 0.05) in normal and by 21% (P , 0.05) in PPHN PAECs ( Figure 5A ). NOS inhibition with LNA treatment decreased cell number by 25 and by 29% in normal and PPHN PAECs, respectively (P , 0.05, for each comparison) ( Figure 5B ). NO gas did not rescue growth of control and PPHN PAECs from the inhibitory effects of SU5416 treatment. Growth remained decreased by 32% (P , 0.001) in normal and 31% (P , 0.01) in PPHN PAECs with combined treatment with SU5416 and NO gas (not shown).
Effect of VEGF and SU5416 on Tube Formation
VEGF treatment had no effect on the number of branch points in normal PAECs, but increased the number of branch points by 31% in the PPHN cells (P , 0.001; Figure 6A ). VEGF treatment fully reversed the decreased angiogenesis seen in vitro in PPHN PAECs to values achieved by control PAECs. VEGF receptor blockade with SU5416 decreased the number of branch points in both normal and PPHN PAECs. The number of branch points was decreased by 29% in normal PAECs (P , 0.001; Figure 6B ). The reduction in tube formation by normal PAECs after SU5416 treatment was similar to the untreated values measured in PAECs from PPHN lambs. In PAECs from PPHN lambs, SU5416 further decreased tube formation by 21% (P , 0.01; Figure 6B ).
Effect of SNAP and LNA on Tube Formation
The addition of SNAP as an NO donor increased the number of branch points by 34% in PPHN PAECs (P , 0.001; Figure 7A ). SNAP had no effect on the number of branch points in normal PAECs. NOS inhibition with LNA decreased the number of branch points by 24% (P , 0.001) in normal PAECs, but did not decrease tube formation further in PPHN PAECs ( Figure 7B ).
NO Rescue of SU5416-induced Reduction of Tube Formation
Blockade of VEGF receptor activity with SU5416 treatment decreased PAEC tube formation in vitro. The addition of SNAP as an NO donor completely reversed the effects of SU5416 on tube formation, as demonstrated by the increase in tube formation to control values in both normal and PPHN PAECs (Figure 8 ).
Effect of VEGF Treatment on NO Production
VEGF treatment (50 ng/ml) increased NO production in both normal and PPHN PAECs by 36% (P , 0.01) and 33% (P , 0.01), respectively. 
Proliferation and Apoptosis in Normal and PPHN PAECs
Normal and PPHN PAECs were uniformly positive for Ki67 by immunostaining when studied at both 50 and 90% confluence. In contrast, normal and PPHN PAECs were negative for active caspase-3 protein. Serum-starved and ultraviolet light-treated normal PAECs were used as positive controls and were strongly positive for active caspase-3. In addition to negative active caspase-3 staining, no condensed nuclei were seen after DAPI (49, 6-diamidino-2-phenylindole) staining in normal and PPHN PAECs (Figure 9 ).
DISCUSSION
In addition to high PVR due to increased vascular tone and hypertensive remodeling, severe PPHN is often characterized by reduced vascular growth. Previous studies have shown that pulmonary hypertension during late gestation impairs fetal pulmonary vascular growth in vivo (19) , but mechanisms by which high pressure inhibits angiogenesis in the developing lung are unknown. Whether PPHN causes functional abnormalities of endothelial cells, such as changes in proliferation and angiogenesis, and whether these changes in an endothelial cell phenotype persist in vitro have not been previously studied. We found that fetal PAECs harvested from lambs with experimental PPHN maintain an abnormal phenotype in vitro, as characterized by decreased PAEC growth and tube formation when compared with normal gestational age-matched control lambs. Because VEGF and NO signaling can regulate endothelial cell growth and angiogenesis, we measured VEGF, eNOS, and VEGFR-2 protein expression in normal and PPHN PAECs and demonstrated that VEGF and eNOS protein expression are markedly reduced in PAECs from PPHN lambs. VEGF and NO treatment with either NO gas or SNAP rescue the abnormal in vitro phenotype of the PPHN PAECs and restore their growth rate and ability to form vascular networks on Matrigel to normal. In addition, inhibition of endogenous VEGF receptor and NOS activities decreased growth and tube formation in normal PAECs to values seen in PPHN PAECs. NO treatment with SNAP rescued the effects of VEGF receptor inhibition on tube formation in both groups. These findings are the first data to demonstrate that endothelial cells from an experimental model of PPHN maintain an abnormal phenotype in vitro, including impaired proliferation and tube formation, as well as dysfunctional VEGF-NO signaling, suggesting that this abnormal endothelial cell phenotype directly contributes to decreased vascular growth in severe PPHN.
Previous in vivo studies in this model have demonstrated that increased vascular tone and impaired vasoreactivity are partly due to endothelial dysfunction (3, 15) . More recently, we reported that prolonged intrauterine pulmonary hypertension also impairs angiogenesis, decreases alveolarization, and reduces lung-to-body weight ratios in fetal sheep, suggesting that pulmonary hypertension itself impairs angiogenesis in the developing lung and causes lung hypoplasia (19) . Our studies parallel and extend these in vivo observations by demonstrating persistent abnormalities of endothelial cell growth and tube formation in vitro, and suggesting that impaired endothelial cell function likely mediates the reduction in vascular growth observed in severe PPHN. This study also further supports the hypothesis that decreased VEGF and NO signaling contributes to persistent abnormalities in PAEC phenotype in the fetal sheep model of PPHN.
VEGF is a potent endothelial cell mitogen and regulator of angiogenesis. As well as being characterized by impaired angiogenesis and lung hypoplasia, this model of PPHN also demonstrates decreased VEGF protein expression (20) . VEGF treatment improves hemodynamics and lung vascular growth in this experimental model of PPHN (21) . In vivo inhibition of VEGF receptors in normal fetal sheep results in impaired vascular growth and pulmonary hypertension (20) . Rodent and rabbit models of hyperoxia-induced lung injury are characterized by decreased blood vessel growth and alveolar simplification (32) (33) (34) (35) . Associated with the lung injury is decreased VEGF protein expression. In this model of hyperoxia-induced lung injury, treatment with recombinant human VEGF protein (rhVEGF) or, more recently, intratracheal adenovirus-mediated VEGF gene therapy has been shown to improve lung vascular growth and alveolarization (28, 30) . VEGF treatment was also able to reverse the abnormal in vitro phenotype in PPHN PAECs. These findings suggest that VEGF is an important regulator of PAEC growth and angiogenesis in the developing fetal and postnatal lung and that disruption of VEGF signaling pharmacologically, by hyperoxia or by hypertension, reduces distal lung vascular and alveolar growth.
In addition to regulating vascular tone, NO, which is produced by eNOS, also plays an important role in angiogenesis and has been shown to mediate many of the downstream functions of VEGF (24, 25) . This model of PPHN is characterized by marked down-regulation of eNOS protein and impaired NO production (5, 6) . Previous studies in this model have emphasized the role of impaired NO production or activity, with a reduction in pulmonary vasodilation to oxygen, pharmacologic agents, and birth-related stimuli in fetal sheep (3, 39, 40) . NO is also an important regulator of smooth muscle cell proliferation (41, 42) . Decreased NO production has been associated with smooth muscle cell hyperplasia, which contributes to hypertensive remodeling in PPHN (6, 35) . More recently, the importance of NO in regulating vascular and alveolar growth in the developing lung has been demonstrated in eNOS-deficient mice. Lungs from eNOS 2/2 mice exhibit marked disruption of lung vascular and alveolar structures (27) . Other studies further demonstrate the susceptibility of eNOS-deficient mice to hypoxia, because mild hypoxia reduces vascular and alveolar growth in neonatal eNOS 2/2 mice but not in wild-type mice (43) . Treatment with inhaled NO has been shown to improve alveolarization and angiogenesis in experimental models of bronchopulmonary dysplasia due to hyperoxia or SU5416 administration in vivo (26, 29) . Intratracheal adenovirus-mediated eNOS gene therapy has recently been shown to preserve alveolar development and promote lung capillary formation in neonatal rat pups exposed to hyperoxia (30, 45) . Treatment of PAECs harvested from PPHN lambs with NO (either SNAP or NO gas) reversed the abnormal growth and tube formation in vitro, providing direct cellular evidence to support this previous in vivo work. This is the first study to show persistent abnormalities in PAECs from PPHN fetal sheep and suggests that decreased VEGF and eNOS protein expression within the endothelial cell itself may contribute to this abnormal phenotype. Our finding of decreased eNOS protein expression in PPHN PAECs differs from Konduri and colleagues (44) , who reported decreased eNOS protein from isolated arteries (7), but not from PAECs from fetal sheep (44) . Differences between the results of these studies are unclear but may be due to differences in oxygen tension (3% in our studies vs. room air) as well as other methodologies. We chose 3% Figure 9 . Proliferation and apoptosis were measured in normal and PPHN pulmonary arterial endothelial cells (PAECs) by immunostaining. Both normal and persistent pulmonary hypertension of the newborn (PPHN) PAECs were uniformly Ki67 positive and active caspase-3 negative, demonstrating decreased proliferation rather than increased apoptosis in PPHN PAECs. Serum-starved and ultraviolet (UV) lighttreated normal PAECs were used as controls for apoptosis and were strongly positive for activated caspase-3. oxygen for our studies on the basis of preliminary data as well as past studies from our lab that have shown improved PAEC function in low-oxygen conditions that mimic the intrauterine environment (22) . Tirosh and coworkers showed decreased NO production in fetal PAECs from PPHN sheep in response to increased oxygen tension but did not report on eNOS content (40) . Our study is the only work to measure VEGF protein in PPHN PAECs and demonstrate marked decreases in VEGF content. Thus, these findings suggest that decreased VEGF and eNOS protein expression may account for abnormal VEGF-NO signaling within the endothelial cell itself, which may be responsible for impaired vascular growth in PPHN.
Differences seen in PAEC growth were due to decreased proliferation rather than increased apoptosis because PPHN PAECs demonstrated positive Ki67 staining and negative staining for markers of apoptosis (activated caspase-3 and condensed nuclei with DAPI staining). Together with these findings, cell viability was always in excess of 95% when assessed by trypan blue exclusion on a Beckman-Coulter cell counter, thus supporting the finding of decreased proliferation in PPHN PAECs. Although similar effects were seen with respect to PAEC growth in normal and PPHN PAECs with VEGF and NO stimulation and SU5416 and LNA inhibition, differences were seen in the responses of normal and PPHN PAECs to stimulation and inhibition with respect to tube formation. VEGF and NO treatment with SNAP increased tube formation in only PPHN PAECs, while VEGF receptor inhibition decreased tube formation in both normal and PPHN PAECs. NOS inhibition decreased tube formation in only normal PAECs. We speculate that the lack of further impairment of tube formation in PPHN PAECs with NOS inhibition is due to already down-regulated eNOS expression. Treatment with SNAP as an NO donor rescued the angiogenic capacity of SU5416-treated normal and hypertensive PAECs, demonstrating an intact VEGF-eNOS signaling pathway in both normal and PPHN PAECs. By demonstrating increased NO release in response to VEGF stimulation in normal and PPHN PAECs, we further confirm intact VEGF-NO signaling within both normal and PPHN PAECs. Angiogenesis is a complex process that involves the formation of new blood vessels from preexisting vessels. For new blood vessels to form in the developing lung, endothelial cells must proliferate and form vascular tubes. Our current study demonstrates distinctive yet overlapping roles for VEGF-NO regulation of angiogenesis within the developing lung as well as the critical role that VEGF-NO signaling pathway plays in stimulating endothelial cells to proliferate and form new blood vessels within the developing lung.
Potential limitations of this study include the concern that these studies used fetal PAECs harvested from large vessels, and differences may exist in the behavior of these cells as compared with microvascular PAECs. Because microvascular PAECs may primarily be involved in lung angiogenesis during development in vivo, future studies are needed to compare and contrast microvascular PAEC function from normal and PPHN fetal sheep in parallel fashion to these current studies. These studies looked exclusively at in vitro endothelial cell function. In vivo, the mesenchyme and epithelium are important regulators of endothelial cell growth and tube formation. The effects of the mesenchyme and epithelium on the endothelium were not assessed in this in vitro model.
In conclusion, we found that chronic intrauterine pulmonary hypertension directly alters endothelial cell phenotype, which persists in vitro, as characterized by decreased endothelial cell growth and tube formation. On the basis of these findings, PAECs harvested from fetal lambs with chronic pulmonary hypertension provide a unique in vitro model for studying basic mechanisms of endothelial dysfunction in PPHN. In addition, this study demonstrates that impaired VEGF and NO signaling contribute to the abnormal PAEC phenotype in vitro. Because exogenous VEGF and NO treatment (either SNAP or NO gas) rescues the abnormal PPHN PAEC phenotype in vitro, we speculate that treatment strategies that up-regulate VEGF and NO signaling pathways may enhance angiogenesis in vivo in patients with severe PPHN, and may be especially important in the setting of lung hypoplasia.
